Phenomena associated with the controlled collapse of a Bose-Einstein condensate described in the experiment of Donley et al [1] are explained here as a consequence of the squeezing and amplification of quantum fluctuations above the condensate by the condensate dynamics. In analyzing the changing amplitude and particle contents of these excitations, our simple physical picture provides excellent quantitative fits with experimental data on the scaling behavior of the collapse time and the amount of particles emitted in the jets.
In the experiments described by Donley et al. [1] , a Bose-Einstein condensate (BEC) [2] in a cold (3nK) gas of Rubidium atoms is rendered unstable by a sudden inversion of the sign of the interaction between atoms. After a waiting time t collapse , the condensate implodes (called Bose-Nova), and a fraction of the condensate atoms are seen to oscillate within the magnetic trap which contains the gas. These atoms are said to belong to a 'burst'. After a time τ evolve the interaction is suddenly turned off. For a certain range of values of τ evolve , new emissions of atoms from the condensate are observed. They are called 'jets'. Jets are distinct from bursts: they are colder, weaker, and have a characteristic disk-like shape.
In the specific conditions of the experiment described in [1] , the interaction is attractive in the relevant regime, corresponding to a negative scattering length, whose magnitude is typically tens of the critical value when collapse is first observed. This is different from a later JILA experiment [3] which explores the regime of positive scattering lengths thousands of times the critical one. There is a variety of theoretical explanations to these experiments, ranging from mean field dynamics of the condensate [4] to bosonic amplification [5] . The second experiment may already have a satis-factory theoretical explanation in, e.g., atom-molecule resonances [6] or three-body kinetics [7] , but explanations for the first experiment are less satisfactory.
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There is no proof that the primary physical mechanism which explains well the second experiment, e.g., coherent resonance between the atoms and the molecules, is also the dominant mechanism which describes the salient features of the first experiment. Indeed, as this letter shows, the primary mechanism for the Bose Nova phenomena is the parametric amplification of quantum fluctuations by the condensate dynamics, or simply, the squeezing of the vacuum. (For details see [8] ) Recent numerical simulations [9] and rigorous theoretical investigations [10] indicating the inadequacy of mean field theory seem to corroborate our view.
Our model starts with the Hamiltonian operator
, and the total number operatorN = dr Ψ † Ψ. We assume a short range interaction U 0 between the atoms with mass M . The Heisenberg field operator Ψ obeys the equation of motionΨ = ī h Ĥ , Ψ [2] and satisfies the equal time commutation relations Ψ (t, r) ,
. We decompose the Heisenberg operator Ψ = Φ(r, t) + ψ(r, t) into a cnumber condensate amplitude Φ and a q-number remainder ψ describing the fluctuations or excitations of the condensate. We shall simplify the model by factorizing the composite operators into binary products of fields using Wick's theorem [11] , and further substituting the binary product by their double average, both over the quantum state of the gas and the volume of the trap. Doing so we find the equations
for the condensate, and, after linearization, the equations
for the fluctuations. In these equations, n 0 (t) = α d 3 r |Φ(r,t)| 2 , and similarly m 0 (t) ,ñ (t) andm (t) are the space averages of Φ(r,t) 2 , ψ † ψ (r,t) and ψψ (r,t), respectively, where denotes taking the quantum expectation value. The normalization volume α
ho =h/M ω is the typical size of the trap) will be determined later by matching to the observed onset of collapse.
We can expand the condensate amplitude Φ and field operator ψ in eigenstates ψ km belonging to the eigenvalues E k of the trap Hamiltonian. With a cylindrical geometry [let r ≡ (r, ϕ, z) be the usual cylindrical coordinates, with ϕ the azimuthal angle] the basis (c-number) functions are given by ψ km (r, ϕ, z) = e imϕψ km (r, z), where theψ km (r, z) are real andψ km =ψ k−m . Our equations admit a solution Φ(r,t) = [10] , where N 0 (t) is the total number of atoms in the condensate, and hdΘ/dt = µ (t) is the time-dependent chemical potential. Substitution in (1) yields µ(t) = E 0 + αU 0 N 0 (t)+ terms quadratic in the fluctuations, and an equation for N 0 (t) . We shall not consider this latter equation, but rather use the observed evolution of the condensate occupation number as an input in the equations for the fluctuations, which now read
, whereby we find a set of first order coupled equations for the functions f km and g km with initial conditions f km (0) = 1; g km (0) = 0. The coupled first order equations for f k and g k are equivalent to a single, second order equation for f k . We shall write this equation in the physically interesting case where U 0 is negative, i.e., U 0 = −U where U ≥ 0. The second order equation reads
Once a solution to this equation has been found, g km (t) may be computed from g km = ε km f km − iD km f km .
In
2 and the characteristic length a 2 ho =h/M ω, the stability criterium for an anisotropic trap is N 0 < κa ho / |a|, where the observed value for κ = 0.46 [12] . Therefore we estimate α ∼ 8κπa 3 ho −1 , which is consistent with our earlier expectations.
We now give a quantitative analysis of Bose Novae. Theoretically we assume a given evolution for the number of particles in the condensate -extracted here from the experiment-and analyze the evolution of fluctuations treated as a test field on a dynamic background. Consider the first stage (the waiting period) from the time t = 0 when the scattering length is switched to a negative value to the time of collapse t collapse . This stage has been analyzed by Yurovsky [13] . LetN 0 be the initial number of particles in the condensate, and a cr = κa ho /N 0 the corresponding critical scattering length. Assume a harmonic trap, so E k = E 0 + khω. Since the number of particles in the condensate remains constant Dε km = 0 in Eq. (4). If ε k > 1, then the solutions to eq. (4) oscillate with frequencyω km = (U αN 0 /h) ε 2 km − 1. If ε k < 1, solutions grow exponentially with g km = (−i) 1 − ε 2 km −1/2 sinhσ km t,
km [13, 14] . Scaling The above analysis allows us to make a definite prediction of the way t collapse scales with the scattering length. In this regime the time scales intrinsic to the condensate are very large (in fact, infinite for all practical purposes), while the time scales of the noncondensate remain finite, and so they fix the time scale for t collapse itself. There is an array of time scales τ km =σ −1 km . The dominant scale is the time constant for the growth of the first excited states, since these have the strongest coupling to the condensate. From our stability analysis above U αN 0 (t) ∼ 1 2h ω (a/a cr ) and ε 1m = [2a cr /a] − 1. Allowing for a dimensionless proportionality factor, this yields (see Fig. 1 )
which is in excellent agreement with Fig. 2 of [1] with t N L ∼ 5ms. Observe that our simple scaling argument agrees with the more ellaborate estimate presented in refs [13, 15] Bursts After t collapse , the number of particles in the condensate falls exponentially. Shifting the origin of time in this second stage of evolution to t collapse for simplicity, we write N 0 (t) =N 0 e −t/τ . Observe that by parametrizing the number of atoms in this way we are neglecting the formation of a remnant; we shall return to this point below. The function f km may be expressed as a linear combination of the basis functions z km I iν k −1 (z km ) and z km K iν k −1 (z km ) , where I and K denote modified Bessel functions,
Thus there are two kinds of modes: stable and unstable. Modes are stable when z km < ν k whereas a typical low lying mode is unstable at t collapse . While a mode is unstable, the occupation number is increasing exponentially, but the phase of the mode is frozen; viceversa, the occupation number of stable modes is an adiabatic invariant, but their phase grows linearly in time. A bunch of neighboring stable modes behaves as a wave packet moving along classical trajectories (starting at the origin) in the trap potential. When classical trajectories intersect (see fig 3. in [1] ), we have a caustic (in mathematic terms) or a "burst focus" in physical terms. The density at the focus increases sharply, and the particles may be detected by destructive absorption imaging [1] . On the other hand, unstable modes, because of their frozen phases, do not form travelling wave packets. In this sense, these particles do not "oscillate" in the trap and do not contribute to the burst focus. As the condensate sheds its atoms, z km decreases and eventually the mode becomes stable. Then these particles become observable as part of the "bursts".
Jets When the scattering length is switched off at t = τ evolve particles are emitted as 'jets'. In our explanation they result from the sudden simultaneous stabilization of the remaining unstable modes. In this picture several conspicuous features of jets become obvious: Jets appear only if τ evolve is early enough that some modes are still unstable. This explains why jets are seen even when τ evolve is earlier than t collapse , because some modes are already unstable in this regime. Also jets are less energetic than bursts, since they originate from the lowest modes. Because of their relative weakness, treating them as test particles riding on the dynamic condensate ('test field approximation'), as is assumed here, works better for jets than for bursts. A more accurate depiction of the dynamics of bursts may require consideration of the nonlinear aspects of the fluctuation dynamics.
For concreteness, let us assume that the number of particles in the condensate remains constant N 0 = N 0 = 16, 000 up to t collapse = 3ms, and then decays exponentially with τ = 5.5ms. For the frequency of the trap we take ω = 80Hz, corresponding to a temperaturehω/k B = 52.5nK. Since this is high with respect to the sample temperature of 3 nK, the initial number of particles above the condensate is negligible, and we are dealing with particle creation from effectively the vacuum. In the actual experiments the condensate is observed to stabilize with a number of atoms which may be greater than the critical value for the corresponding scattering length [1] . This suggests that in the nonlinear regime prevailing at late times, the fluctuation modes "see" an effective density which is smaller than the actual one. To simulate this effect, we shall approximate the coupling of the condensate to the fluctuations by an effective interaction U ef f corresponding to a scattering length a ef f = 18a 0 (a cr (16000) = 1. 7a 0 ).
The resulting N jet as a function of τ evolve is plotted in Fig. 2 . The see-saw pattern follows from the discreteness of the modes. Modes become stable at discrete times t * k . Between one and the next, occupation numbers of the unstable modes are increasing, and so the number of particles in the jet is a growing function of τ evolve . When the next stabilization occurs, the particles in the now stable mode no longer contribute to later jets, and the particle number in the jet decreases by a finite amount. This pattern accounts for the fact that a jet from a later τ evolve may be stronger than earlier ones, and also for the large variation in the number of particles in jets with similar values of τ evolve . In this letter, we have presented a new viewpoint 2 towards understanding the salient features in the physics of controlled collapse of a Bose-Einstein condensate described in the experiment of [1] , i.e, in terms of quantum fluctuations parametrically amplified from the vacuum, by the time dependent condensate. (One can thus use this process to create coherent atoms in highly squeezed states [16] .) Even under a number of simplifying assumptions, our approach yields results in excellent agreement with experiment, particularly in the scaling of the waiting time t collapse and the number of particles in a jet.
